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Fig. 1 General plan of the study area. Source Mimikou et al (1991)
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1 Study area
The model is applied to a Mediterranean mountainous catchment in northern Greece, the
Pyli basin. The drainage basin is located at Latitude 39.4297 and Longitude 21.6636, at a
mean elevation of 800m above sea level. The basin has a surface of 134.5 Km2. It is one of
the four drainage basins that are part of a major water development scheme of the Acheloos
River in central Thessaly. The project comprises the construction of four reservoirs that are
going to exploit the hypsometric difference for power generation and will also satisfy irri-
gation demand (Mimikou and Kouvopoulos, 1991; Georgakakos et al, 1999; Koutsoyiannis
et al, 2002; Loukas et al, 2007). In this basin, 34 years of historical monthly runoff have been
used, taken from Koutsoyiannis et al (1988, p. 76) and Nalbantis and Koutsoyiannis (1997,
p. 31). This data provide important information on runoff variability in the catchment, which
is one of the basic information needed for dam dimensioning. A monthly time step is used,
which is a very common setup in water management studies.
For the Mediterranean region under climate change, according to IPCC (2007), the
mean annual warming could reach 2.2-5.1◦C based on the A1B scenario, an increase which
is more marked compared to the rest of the world. In global warming projections for the
Mediterranean area there is less uncertainty concerning the sign compared to other regions
of the world, however the magnitude and precise localizations of changes differ among the
models. Mean annual precipitation will probably decrease on most of the Mediterranean
area, with reductions up to 20% for South Europe, more pronounced contrast in North
Africa, and probably shorter rain and snow cover periods. Evaporation increase in combina-
tion with precipitation decrease should conduce to low soil moisture and river flow decrease
with more water during the winter in snow dominated basins.
2 Demand computation in stationary and changing climates
2.1 Water reservoir dynamics and demand computation
This section proposes a method to assess the constant water demand that can be satisfied by a
water reservoir, at a fixed reliability level and in a stationary climate. To do so, a behavioural
method is used to compute the reliability of water supply for all level of water demand and
all possible reservoir storage volumes. This relationship is then inverted to obtain the supply
associated with a Ψ target reliability.
The Ψ target reliability must be set high enough in order to be able to trigger investments
by economic agents which create the corresponding water demand. If the target reliability
is not high enough, economic sectors will not rely on the corresponding available water for
their activities and the water may not be consumed, and in the longer term, the economic
actors will avoid investing in activities requiring water.
We assume a given series of inflow It into the reservoir, e.g. the historical data series,
and a maximal reservoir volume K. Then, the supply reliability is determined with a monthly
time step.
The annual water demand D is converted to a monthly demand Dm using monthly coeffi-
cients φm (in Table 1) in order to compute the pattern of water use in the region: Dm = φmD.
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Table 1 Fraction of annual demand used each month, φm, here shown in percent, source: Aftias (1992)
OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP
6 6 7 8 9 10 11 11 10 9 7 6
These coefficients are taken from Aftias (1992) and correspond to the observed values for
Athens. The sum of all φm is equal to one.
Evaporation losses and precipitations over the reservoir are not taken into account, as-
suming they cancel out. In site uncontrollable losses are also ignored. Simple operating rules
are used for the reservoir: (i) if possible, water is withdrawn to satisfy water demand; (ii) all
additional water is used to fill the reservoir volume Vt ; (iii) overflow is spilled and cannot be
used. As a consequence, the water volume dynamics is given by:
Vt+1 =


K, if Vt + It −φmD > K,
0, if Vt + It −φmD < 0,
Vt + It −φmD, otherwise
(1)
If Vt +It−φmD < 0, the monthly water demand cannot be fully satisfied, and the satisfied
monthly demand Dsm is only equal to Vt + It . Otherwise, the demand is fully satisfied and
equal to φmD. The reliability of water supply over all periods T of reservoir operation, is
equal to the mean value of monthly reliabilities:
R =
∑Tt D
s
m
Dm
T
(2)
To avoid choosing an initial value for the reservoir fill percentage, a first simulation is
carried over with a reservoir initially empty, without calculating reliability. The last value of
this simulation is used as starting point for an additional simulation that is used to compute
reliability RI,K(D).
The supply guaranteed with a Ψ target reliability,
SΨ = R−1I,K(Ψ) (3)
is computed by inverting the reliability function, which is a monotonically decreasing func-
tion of the supply target D, leading to the supply SΨ (It,t∈[0,T ],K). The resolution of equation
3 can only be done numerically.
This method allows the calculation of the water demand that can be satisfied at the Ψ
target reliability level, as a function of the water inflow in the reservoir. We need now to
assess how these inflows depend on climate conditions.
2.2 Demand in a changed (stationary) climate
In this section, we assume an instantaneous and definitive change in climate conditions, but
the climate remains stationary. To take into account climate change, the historical runoff
data is modified according to model precipitation and temperature changes. To allow for
changes in seasonal variability, we consider two seasons: the winter season w from October
until March and the summer season s from April until September. We assume that summer
temperatures are increased by δTs degree and winter temperatures by δTw degree. Summer
precipitations are multiplied by 1 +αPs and winter precipitation are multiplied by 1 +αPw.
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We apply these changes to every year alike, disregarding changes in inter-annual variability.
A potentially important impact of climate change on variability, see e.g. Scha¨r et al (2004),
is thus disregarded.
These changes in precipitations and temperatures are translated into changes in runoffs
using the historical runoffs ¯It described in section 1 of the present Online Resource. First,
there is an effect of the temperature that changes the runoff even without precipitation
change. Classically, there is an increase in winter runoff in case snowmelt increase, and a
decrease in summer runoff due to a decrease in remaining snow and an increase in evapotran-
spiration. Second, a change in rainfall will impact the runoff, this relation being temperature-
dependent. In a situation where rainfall is 10% lower than in the historical data, runoff will
be lower than in the historical data by a factor given by a temperature-dependent coefficient
multiplied by 10%.
Formally, the runoff change is described by a temperature change factor A, added to a
precipitation change factor that translates precipitation change to a change in runoff through
a “magnification factor” M:
It = (1+A(δT )+M(αP,δT )αP) ¯It . (4)
The magnification factor itself depends on precipitation and temperature changes. This
parameter summarizes how changes in snow cover, snow melt and evapotranspiration mod-
ifies how precipitation influences runoff. In this study, we use the rainfall-runoff magni-
fication factors and temperature change factors published by Mimikou and Kouvopoulos
(1991). Linear interpolation and extrapolation is used to determine the magnification factors
for all the possible temperature and precipitation changes. In the river basin studied here,
the temperature factor A(δT ) is very small, and is therefore set to 0.
From these mean winter and summer values, monthly values are computed, by mapping
to a sinusoid and rescaling such that the mean seasonal change is unchanged. This is done
for the magnification factors and the precipitation changes (details are given in section 5.2
of this Online Resource).
Noting ¯I the historical runoff, the altered runoff under climate change in season j is:
I(αPw,αPs,δTw,δTs) = ¯I(1+A(δTw,δTs)+αPj(αPw,αPs) ·M j(δTw,δTs)) (5)
with A(δTw,δTs) = 0 for the basin under consideration. Monthly runoff computation is
detailed in section 5.3 of this Online Resource.
The altered runoff allows to compute the stationary supply at theΨ target reliability level
(SΨ ), as explained in the previous section. Then the corresponding demand in a changed
climate can be estimated, assuming that demand adjusts to the Ψ target reliability supply.
DΨ ( ¯I,K,αPw,αPs,δTw,δTs) = SΨ ( ¯I,K,αPw,αPs,δTw,δTs). (6)
2.3 Demand in a changing (non-stationary) climate
Climate change will not be a sudden and permanent shift in climate conditions. Instead, we
experience a non-stationary climate with changing climate conditions. Because we have only
a few climate simulations and because climate models have difficulties to reproduce natural
inter-annual and inter-decadal variability, this analysis uses a combination of historical data
series and of climate model signals to assess how climate change will modify optimal water
infrastructure designs.
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For the generation of seasonal precipitation and temperature scenarios, we use the out-
puts of 19 IPCC AR4 models for the SRES A2 scenario. Monthly precipitation and temper-
ature data from the IPCC AR4 database at the grid point containing the studied river basin
are used to compute the seasonal temperature and precipitation changes.
Thirty-year moving averages of the seasonal sums of precipitations and of the seasonal
temperature means are computed between 2000 and 2100. The resulting series are averaged
across all the runs for each model, therefore removing the inter-run variability to keep only
a mean climate change signal. Then, a linear trend is determined to remove inter-decadal
and inter-annual variability, which is uncertain in climate models and can hide the climate-
change signal, especially over the short term. This linear trend provides the climate-change
parameters αPw(y), αPs(y), δTw(y), δTs(y) for each year y. A period of 70 years is used,
corresponding approximately to the reservoir life time. It is worth emphasizing that the
resulting time series embed the trends in intra-annual variability as obtained from the GCM
(through the consideration of two seasons). The time series, on the other hand, discard very
uncertain GCM transient dynamics and inter-annual variability.
The demand available each year in a transient climate is computed using the value from
a stationary climate determined above, considering that it adjusts to the available resource,
and that the available resource in a transient climate is the same than in a stationary climate.
For each year of the period, we have a set of climate change parameters, and the demand
for this year is then assumed equal to the available demand in a stationary climate with the
same climate change parameters. Formally, the demand satisfied with Ψ target reliability for
each year y is:
DΨ ( ¯I,K,αPw(y),αPs(y),δTw(y),δTs(y)).
The water that is actually used is:
D(K,y) =Ψ ·DΨ ( ¯I,K,αPw(y),αPs(y),δTw(y),δTs(y)). (7)
This method allows the assessment of the water demand that can be satisfied with a
Ψ target reliability, for each year y and for each climate scenario from the IPCC climate
models.
3 Cost of dam and reservoir
Construction costs are divided into costs independent of the dam height (spillways, hy-
dropower plants and associated labour costs, land settlements) C f , and costs depending on
the required storage capacity (height-dependent costs). To determine the height-dependent
costs, we first compute the relationship between the storage capacity and the dam height.
This relationship determines the dam height required to reach a given capacity. Then the
dam cost is determined, using a relationship between dam height and construction cost.
For the reservoir geometry, we consider a valley, with a floor length Lv and width wv.
The valley lateral slopes make an angle φ with the valley floor. The valley floor is flat and is
followed by a slope with an angle ψ with the valley floor. The function linking the storage
capacity and the height of the reservoir h is a polynomial function of third degree:
K(h) = 13tan(φ) tan(ψ)h
3 +
(
wv
2tan(ψ) +
Lv
tan(φ)
)
h2 +Lvwvh (8)
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Table 2 Geometry and cost parameters
Name Value
Lv 290 m
wv 81 m
cd 9 m
ψ 0.53◦
ζ arctan(1/1.5)
φ 19.1◦
C f 30 106 US$
pr 41.6 $.m−3
ρ 0, 3 or 6 percent
Inverting the above equation, we get the height as a function of the storage capacity
H(K).
For the dam itself, we consider a trapezoid rock filled dam at the entrance of the valley.
Following ICOLD (1992), for each increase in the dam height of 1 meter, 1.5 meter are
required at the base of the dam, therefore the trapezoid angle is ζ = arctan(1/1.5). Since
the dam is in a valley, the crest length depends on the dam height. The crest is considered to
be cd meter wide, which could be used, for example, for a road.
The crest length is:
Lc(h) = wv +2
h
tan(φ) (9)
The volume of the rock filled dam is:
Vf (h) =
2
3tan(ζ ) tan(φ)h
3 +
(
wv
tan(ζ ) +
cd
tan(φ)
)
h2 +wv · cd ·h (10)
The height-dependent cost is considered to be proportional to the dam volume (corre-
sponding with labour, material and groundwork) with a price pr. The total cost is thus:
C(K) = C f + prVf (H(K)) (11)
The value of C f is an average of the fixed costs of the different dam options envisaged
for the Montgomery Reservoir (MWH, 2003). Even though we assume here that the dam is
a rock filled trapezoidal dam, results should not be too sensitive to this assumption, since the
cost of alternative dams are close to that cost, with possible cost reduction of less than 20%,
disregarded here (ICOLD, 1992). Parameters for the default case are shown in Table 2.
4 Water benefits and net present value
The water demand satisfied by the reservoir in a transient climate yields an economic benefit
which is set to the discounted value of water:
B(K) = ∑
y
1
(1+ρ +νg)y D(K,y) · pw(y) (12)
where ρ is the pure time preference, g is the growth rate of the economy, ν is the income
elasticity, D(K,y) is the water demand that can be satisfied in a transient climate with a Ψ
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target reliability for each year y and pw(y) is the unit water price. In this equation the classi-
cal formulation of interest rate consistent with optimal growth models, ρ +νg is assumed.
Here it is considered that the unit water value is independent of the demand level and
grows at the same rate than the economy. The current water price is set to pw(0). In this
setting, assuming an income elasticity ν of one:
pw(y)
(1+ρ +νg)y =
pw(0)(1+g)y
(1+ρ +νg)y ≈
pw(0)
(1+ρ)y (13)
Hence, equation (12) can be simplified as follows:
B(K) = ∑
y
1
(1+ρ)y D(K,y) · pw(0) (14)
Water pricing and its relation with water economic value is a delicate issue, with sig-
nificant contrasts among economic sectors (domestic use, irrigation, hydroelectricity) and
institutional arrangements. In general, the potential stress on water resources is not fully
taken into account in the determination of tariffs, and the tariffs do not reflect the real value
of the water resource.
Here, since unit value of water is considered constant, the cost of scarcity is disregarded.
The dependence of the unit value to the demand level is not considered either. This fixed
unit water value could be justified if a large alternative source exists with a unit price, not
influenced by climate change, which determines this unit value. However, in general, runoff
reduction which would lead to lower available water supply for a given reliability level could
lead to higher water prices and water resources would be reallocated to purposes with higher
value.
The optimal dam dimension is determined by the maximization of the net present value
of the water system:
NPV = max
K
(B(K)−C(K)) (15)
C(K), described in section 3 of the present Online Resource, is given by the following
equation:
C(K) = C f + prVf (H(K)) (16)
Where H is the height of the dam for the reservoir’s maximal volume K, Vf (H(K)) the
corresponding dam volume, pr the price of labour, material and groundwork per m3 of dam
volume and C f correspond to the costs that are independent of the dam height. When there
is no dam, the net present value is B(0), and the dam is worth constructing if the net present
value obtained with the dam is higher than the net present value without dam, i.e. if:
max
K
(B(K)−C(K))−B(0) > 0.
The net present value NPV is therefore the value of the full water system including the
value of water and not only the value of the man-made reservoir.
In the present study, the Ψ target reliability is set at 95% (Ψ = 0.95). This level can be
considered as acceptable for the agricultural sector, since in this sector precipitations may
also be used, it is however not acceptable for municipal and industrial supply since which
require a reliability level of at least 98%. If, however, an alternative supply and/or drought
management plan designed to assist temporary adaptation to reduced supply is established,
then a 95% reliability may be acceptable for all purposes. The unit water demand value
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is set to about twice of the benefit evaluated for the irrigation sector and one quarter of a
typical tariff applied to the domestic sector in Greece i.e. 0.1 $.m−3. Alternative values of
0.05 $.m−3 and 0.4 $.m−3 are also used below, to test the sensitivity to this assumption.
5 Runoff change computation
5.1 Computation of annual runoff change
The mean annual runoff of the stationary climate corresponding with year y is:
Imean(y) = ∑n(I
s
n(y)+ Iwn (y))
N
, (17)
where n refers to each of the historical years N, s and w to the summer and winter season.
Then in tables presented in section 7 and 8 of the Online Resource, the change in annual
runoff is
100×
∑y I
mean(y)−Imean(0)
Imean(0)
Y
. (18)
5.2 Seasonal to monthly value computations
In the following appendices, notation¯(a bar above a symbol) refers to historical values and
ˆ (a hat above a symbol) refers to monthly values. Seasonal values of magnification factors
and precipitation changes computed from climatic models outputs are projected to monthly
values using a sinusoidal function. Those computations are performed for each month m of
season i(m), with i(m) = s for summer, w for winter. In the equation below, η denotes a
quantity with seasonal means ηs and ηw, and ηˆm is the corresponding monthly value. The
sinusoidal projection leads to:
ηˆm =
ηw−ηs
2
sin
(
2pim−pi
12
)
θi(m) +
ηw +ηs
2
(19)
θı˜ is determined by setting the seasonal mean computed using monthly values ηˆm equal
to the seasonal value ηı˜:
1
6 ∑
m/i(m)=ı˜
(
ηw−ηs
2
sin
(
2pim−pi
12
)
θı˜ +
ηw +ηs
2
)
= ηı¯, ∀ ı˜ = s,w
Developing the sum leads to
θw =
6
∑6m=1 sin
( 2pim−pi
12
) =− 6∑12m=7 sin( 2pim−pi12 ) = θs = θ
The magnification factor for the month m under the changes of year y is therefore set to
ˆMm(y) =
Mw(y)−Ms(y)
2
sin
(
2pim−pi
12
)
θ + Mw(y)+Ms(y)
2
(20)
Similarly the change in precipitation is:
ˆαPm(y) =
αPw(y)−αPs(y)
2
sin
(
2pim−pi
12
)
θ + αPw(y)+αPs(y)
2
(21)
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5.3 Runoff monthly values
With ¯Iin the historical seasonal runoff for season i, year n, the seasonal runoff corresponding
with year y climatic changes Iin(y) is:
Iin(y) = ¯I
i
n(1+Mi(y) ·αPi(y)) (22)
For each month, with ˆ¯Imn the historical runoff for month m in year n, the modified runoff
corresponding with year y climatic changes is set to:
ˆImn (y) = ˆ¯I
m
n
(
1+ ˆMm(y) · ˆαPm(y)
)βi(m)(y) (23)
where βı˜(y) is a coefficient depending on the season, such that the mean seasonal runoff is
equal to the mean sum of the monthly runoffs for the season ı˜:
1
N
N
∑
n=1
(
∑
mı¯
ˆImn (y)βı˜(y)
)
=
1
N
N
∑
n=1
I ı˜n(y), ∀ ı˜ = s,w
with mı˜ ≡ {m/i(m) = ı˜} the months in season ı˜.
To compute the βı˜(y) coefficients (independent of the year n), historical seasonal mean
Iimean = 1N ∑Nn=1 Iin and historical monthly means ˆ¯Immean = 1N ∑Nn=1 ˆ¯Imn may be substituted lead-
ing to
βı˜(y) =
¯I ı˜mean(1+Mı˜(y)αP˜ı(y))
∑mı˜ ˆ¯Immean
(
1+ ˆMm(y) ˆαPm(y)
) , ∀ ı˜ = s,w
Expansion of ˆMm(y) and ˆαPm(y) leads to
βı˜(y) =
¯I ı˜mean(1+Mı˜(y)αP˜ı(y))
Γ 1ı˜ (y)∑mı˜ ˆ¯Immean +Γ 2i (y)∑mı˜
(
ˆ¯Immean sin2(ωm)
)
+Γ 3i (y)∑mı˜
(
ˆ¯Immean sin(ωm)
) (24)
where:
ωm = sin
(
2pim−pi
12
)
Γ 1i (y) =
Mw(y)αPw(y)+Ms(y)αPs(y)+Mw(y)αPs(y)+Ms(y)αPw(y)+4
4
Γ 2i (y) =
Mw(y)αPw(y)+Ms(y)αPs(y)−Mw(y)αPs(y)−Ms(y)αPw(y)
4
θ 2
Γ 3i (y) =
Mw(y)αPw(y)−Ms(y)αPs(y)
2
θ
The monthly runoff given by (23) may be negative if (1+ ˆMm(y) · ˆαPm(y)) is negative,
in that case the runoff is set to 0.
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Fig. 2 Volume and surface of the reservoir as a function of dam height
6 Reference case without climate change
With the values on cost and geometry parameters shown in Table 2, the resulting geometry,
i.e. the relationship between dam height and reservoir surface and volume is in agreement
with Georgakakos et al (1999), as may be seen on Fig. 2. We also consider other reservoir
geometries to investigate model results. The model, indeed, is meant to be generic and this
sensitivity analysis highlights how optimal storage capacity choice under climate change
may depend on local constraints.
To do so, we consider different valley lengths, which determine the marginal cost of
the reservoir: in a longer valley, a given reservoir volume is achieved with a smaller (and
cheaper) dam.
Optimal reservoir volumes are computed for three valley lengths of 4km, 10 km and
20km1, no climate change, and several values of the pure time preference.
Short valley. In a catchment with a relatively short reservoir of 4km, the optimal reservoirs
are associated with an extraction of 67 to 89 percent of the mean annual runoff with a
reliability of 95 percent, depending on the choice of pure time preference. The frequency
of spill varies between 68 percent of the years to more than once a year. The height of
the dam varies between 76 and 110 m.
Medium valley. In that case the reservoir length is 10km, leading to surface and volume
consistent with the values reported in Georgakakos et al (1999). In that case, the optimal
reservoir height is between 64 and 89 m, and 77 to 93% of the mean annual runoff is
available with a 95 percent reliability. The frequency of spill varies between 53 percent
of the years to once a year.
Long valley. With a reservoir length of 20km, between 89 and 100 percent of the mean
annual runoff is extracted, with spill frequencies between 35 and 68 percent and optimal
1 The different geometries are distinguished by different angles ψ , larger for a longer valley, and the valley
length is found for a dam height of 90 m. The valley floor is flat and is followed by a slope with an angle ψ
with the valley floor (see equation 8)
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reservoir height between 61 and 93 m. In a long valley, dam building costs are lower
and the optimum solution is to capture all (or almost all) intra-annual variability and to
reduce the frequency of spillovers close to zero.
7 Detailed optimal change results
The model is implemented in scilab, the code is available upon request. To calculate benefits
B(V ) and costs C(V ) as a function of volume V , volumes have been discretized with a step
of 0.7% between each volume. Demand, cost and NPV are computed for all the volumes
and all the climate change scenarios. The optimal volume is simply the volume with largest
NPV.
Table 3 shows the change of the optimal volume compared with the situation without
climate change for 3 valley lengths and 3 pure time preferences.
Table 3 Percent change in optimal volume storage relative to a case with no climate change (historic base-
line), for three valley lengths, three rates of pure time preference, and 19 IPCC models
Reservoir length 4km 10km 20km Stddev
Pure time preference 0% 3% 6% 0% 3% 6% 0% 3% 6% change
BCCRBCM20 -10 -6 -3 -12 -7 -7 -8 -8 -2 -9
CCCMACGCM31 -9 -4 -3 -15 -5 -6 -16 -10 -1 -9
CNRMCM3 -23 -12 -12 -23 -14 -10 -23 -13 -7 -21
CSIROMK30 -14 -9 -5 -16 -10 -8 -11 -10 -3 -13
CSIROMK35 -10 -6 -3 -12 -6 -7 -9 -9 -1 -9
GFDLCM20 -10 -3 -3 -14 -6 -4 -25 -9 -1 -10
GFDLCM21 -17 -7 -6 -21 -10 -8 -34 -12 -3 -16
GISSMODELER -15 -9 -6 -21 -10 -8 -25 -11 -3 -16
INGVECHAM4 -17 -10 -8 -22 -11 -9 -17 -12 -4 -18
INMCM30 -4 -2 -1 -4 -2 -3 -5 -4 -1 -4
IPSLCM4 -17 -10 -7 -20 -11 -8 -17 -11 -4 -16
MIROC32MEDRES -5 -2 -1 -6 -2 -3 -8 -7 -1 -5
MIUBECHOG -17 -10 -7 -18 -10 -9 -14 -10 -4 -15
MPIECHAM5 -17 -10 -7 -22 -11 -8 -26 -12 -4 -18
MRICGCM232A -6 -3 -1 -7 -2 -4 -9 -8 -1 -6
NCARCCSM30 -8 -4 -2 -12 -4 -5 -11 -9 -1 -8
NCARPCM1 2 2 0 1 1 1 -9 -1 1 1
UKMOHADCM3 -6 -3 -2 -10 -3 -4 -13 -9 -1 -6
UKMOHADGEM1 0 0 0 0 0 0 0 0 0 -0
Table 4 shows the change in satisfied demand at the end of the period of 70 years com-
pared with the situation without climate change for 3 valley lengths and 3 pure time prefer-
ences.
Table 5 shows the change of the net present value compared with the situation without
climate change for 3 valley lengths and 3 pure time preferences.
8 Optimal volume change for different unit water values
Table 6 shows the change of the optimal volume compared with the situation without climate
change for 3 unit water prices and for 2 pure time preferences, for a 10km valley length.
12 Hypatia Nassopoulos et al.
Table 4 Percent change in demand satisfied in the last year, year 70, in percent relative to a case with no
climate change (historic baseline), for three valley lengths and three rates of pure time preference
Reservoir length 4km 10km 20km Runoff
Pure time preference 0% 3% 6% 0% 3% 6% 0% 3% 6% change
BCCRBCM20 -15 -12 -9 -16 -14 -13 -15 -15 -14 -8
CCCMACGCM31 -24 -25 -25 -25 -24 -25 -25 -24 -23 -12
CNRMCM3 -37 -33 -31 -39 -37 -33 -38 -38 -36 -20
CSIROMK30 -18 -15 -11 -20 -18 -16 -19 -19 -17 -11
CSIROMK35 -16 -13 -10 -16 -15 -14 -16 -16 -14 -9
GFDLCM20 -34 -37 -41 -33 -33 -35 -34 -33 -33 -15
GFDLCM21 -45 -46 -49 -45 -44 -45 -46 -44 -44 -21
GISSMODELER -37 -37 -37 -38 -37 -36 -39 -37 -36 -19
INGVECHAM4 -34 -32 -30 -36 -34 -31 -35 -35 -33 -18
INMCM30 -8 -7 -5 -8 -7 -7 -8 -8 -7 -4
IPSLCM4 -32 -29 -26 -33 -31 -29 -32 -32 -30 -17
MIROC32MEDRES -11 -10 -9 -11 -10 -10 -11 -11 -10 -6
MIUBECHOG -23 -19 -15 -24 -22 -20 -24 -23 -22 -13
MPIECHAM5 -41 -40 -39 -42 -40 -39 -42 -41 -40 -20
MRICGCM232A -13 -13 -12 -14 -13 -13 -14 -14 -12 -7
NCARCCSM30 -19 -18 -17 -20 -18 -18 -19 -19 -18 -9
NCARPCM1 -4 -8 -11 -3 -4 -6 -5 -4 -4 -1
UKMOHADCM3 -19 -21 -22 -19 -18 -20 -20 -19 -18 -9
UKMOHADGEM1 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0
Table 5 Percent change in net present value (NPV) in percent relative to a case with no climate change
(historic baseline), for three valley lengths, three rates of pure time preference, and 19 IPCC models
Reservoir length 4km 10km 20km Runoff
Pure time preference 0% 3% 6% 0% 3% 6% 0% 3% 6% change
BCCRBCM20 -8 -5 -4 -8 -6 -4 -8 -6 -4 -8
CCCMACGCM31 -14 -12 -12 -13 -10 -8 -13 -9 -7 -12
CNRMCM3 -22 -15 -12 -21 -16 -11 -21 -15 -11 -20
CSIROMK30 -11 -7 -4 -11 -8 -5 -11 -8 -6 -11
CSIROMK35 -9 -6 -5 -9 -6 -5 -9 -6 -5 -9
GFDLCM20 -19 -16 -18 -17 -13 -10 -17 -12 -9 -15
GFDLCM21 -25 -21 -21 -23 -18 -14 -23 -16 -12 -21
GISSMODELER -21 -17 -16 -20 -15 -11 -20 -14 -10 -19
INGVECHAM4 -20 -15 -13 -19 -14 -10 -19 -14 -10 -18
INMCM30 -4 -3 -3 -4 -3 -2 -4 -3 -2 -4
IPSLCM4 -18 -13 -11 -17 -13 -9 -17 -12 -9 -17
MIROC32MEDRES -6 -5 -5 -6 -4 -3 -6 -4 -3 -6
MIUBECHOG -13 -9 -6 -13 -10 -7 -13 -9 -7 -13
MPIECHAM5 -23 -18 -17 -22 -16 -12 -22 -16 -12 -20
MRICGCM232A -8 -6 -6 -7 -5 -4 -7 -5 -4 -7
NCARCCSM30 -11 -9 -8 -10 -8 -6 -10 -7 -5 -9
NCARPCM1 -3 -4 -6 -2 -2 -2 -2 -1 -1 -1
UKMOHADCM3 -11 -10 -10 -10 -8 -6 -10 -7 -5 -9
UKMOHADGEM1 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0
9 Error cost assessment
9.1 Maximal error cost
To assess the error costs in each situation (three valley lengths and the no-discounting, 3 or
6 percent pure time preference case), the maximal cost resulting from an error in climate
model choice is computed for three volumes:
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Table 6 Percent change in optimal volume storage relative to a case with no climate change (historic base-
line), for a 10km valley lengths, two rates of pure time preference, three water values. Water value is in
$.m−3
Pure time preference 0% 6% Runoff
Water value 0.05 0.1 0.4 0.05 0.1 0.4 change
BCCRBCM20 -5 -12 -15 -7 -7 -8 -8
CCCMACGCM31 -2 -15 -9 -3 -6 -10 -12
CNRMCM3 -16 -23 -28 -13 -10 -16 -20
CSIROMK30 -9 -16 -20 -10 -8 -11 -11
CSIROMK35 -5 -12 -14 -7 -7 -9 -9
GFDLCM20 -4 -14 -9 0 -4 -11 -15
GFDLCM21 -9 -21 -13 -6 -8 -14 -21
GISSMODELER -9 -21 -17 -8 -8 -13 -19
INGVECHAM4 -12 -22 -23 -11 -9 -14 -18
INMCM30 0 -4 -3 -2 -3 -2 -4
IPSLCM4 -11 -20 -22 -11 -8 -13 -17
MIROC32MEDRES 0 -6 -4 -2 -3 -4 -6
MIUBECHOG -11 -18 -23 -11 -9 -12 -13
MPIECHAM5 -12 -22 -21 -10 -8 -14 -20
MRICGCM232A 0 -7 -5 -2 -4 -5 -7
NCARCCSM30 -2 -12 -7 -4 -5 -8 -9
NCARPCM1 10 1 -5 0 1 0 -1
UKMOHADCM3 0 -10 -8 0 -4 -6 -9
UKMOHADGEM1 0 0 0 0 0 0 -0
Table 7 Maximal error costs in percent for three volumes, the largest volume, the smallest volume and the
volume chosen without climate change
Reservoir length 4km 10km 20km
Pure time preference 0% 3% 6% 0% 3% 6% 0% 3% 6%
smallest volume 2.63 2.28 1.65 1.31 1.36 0.49 0.53 0.59 0.68
no climate change optimal volume 2.39 1.01 1.63 1.12 1.08 0.33 0.78 0.50 0.26
largest volume 2.83 1.35 1.63 1.21 1.25 0.40 0.78 0.50 0.35
1. the largest optimal volume among all models,
2. the smallest optimal volume among all models,
3. the optimal volume without climate change.
For each of these three volumes V and for each climatic model scenario M, the cost of
error (in percent) is computed as
100 maxv(NPV(v,M))−NPV(V,M)
maxv(NPV(v,M))
. (25)
The maximal relative error costs over all models are shown in Table 7. The error costs
are higher in the case of a small valley, up to 2.8 percent of the NPV, while they are small in
case of a very long valley, with at most 0.78%. This is consistent with the fact that height-
dependent costs are smaller when the valley is long. As a consequence, the NPV is flat
around the optimum in the case of the long valley, with a large reservoir and a benefit deter-
mined by the available inflow and not too sensitive to the reservoir volume.
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9.2 Error cost for all models
Assuming that one of the available climate models is correct and predicts the actual future
climate, the error cost of using the wrong model is shown in Table 9, for a 3% pure time
preference rate and a 10km valley length. Table 8 shows the mapping between indices and
model names, as well as changes with respect with a no climate change situation for selected
indicators. The indices are used in Table 9.
Table 8 Climatic models, corresponding indices used in Table 9 and changes in runoff, optimal volume, NPV
and standard deviation
Model name Index NPV change Runoff change Volume change Stddev change
CNRMCM3 3 -16 -20 -14 -21
IPSLCM4 11 -13 -17 -11 -16
MPIECHAM5 14 -16 -20 -11 -18
INGVECHAM4 9 -14 -18 -11 -18
GISSMODELER 8 -15 -19 -10 -16
CSIROMK30 4 -8 -11 -10 -13
MIUBECHOG 13 -10 -13 -10 -15
GFDLCM21 7 -18 -21 -10 -16
BCCRBCM20 1 -6 -8 -7 -9
GFDLCM20 6 -13 -15 -6 -10
CSIROMK35 5 -6 -9 -6 -9
CCCMACGCM31 2 -10 -12 -5 -9
NCARCCSM30 16 -8 -9 -4 -8
UKMOHADCM3 18 -8 -9 -3 -6
INMCM30 10 -3 -4 -2 -4
MIROC32MEDRES 12 -4 -6 -2 -5
MRICGCM232A 15 -5 -7 -2 -6
UKMOHADGEM1 19 -0 -0 0 -0
NOCC 20 0 0 0 0
NCARPCM1 17 -2 -1 1 1
10 Decomposition of adaptation costs and benefits
Figure 3 shows the adaptation cost, the error cost, the residual impact and the net climate
change impact2, as well as their change with dam volumes for the CSIROMK35 climate
change scenario, a 10km valley length and a 3% pure time preference. The distinction be-
tween adaptation costs and residual impacts is always somehow arbitrary. Here we consider
that the adaptation measure is the determination of the optimum size of the dam and the
adaptation cost is the cost associated with the change in the dam size, while the residual
impact is the difference between the water benefit present value with and without climate
change and adaptation, so that losses correspond to negative values. Adaptation cost, which
varies in the same direction than residual impacts, increases with the dam volume. In our
analysis, adaptation costs are negative, since adaptation leads to smaller, and cheaper, dams.
Their difference, the net climate change impact is however quite flat. In that case there is
a reduction in available water leading to a negative net impact (i.e. a loss). The error cost,
2 A positive impact is a benefit, while a negative impact is a cost.
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Table 9 Cost of error, in percentage of net present value, for all models when the optimal volume of another model is chosen. The indices of the models given in Table 8 are in
the first column. The same indices are used for the column headers. Each number is the regret of building a dam with the optimal volume calculated using the model in column,
if the model in line is finally correct in projecting climate change. The models are ordered by increasing optimal volume, the pure time preference is 3 percent and the valley
length is 10km
3 11 14 9 8 4 13 7 1 6 5 2 16 18 10 12 15 19 20 17
3 0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.3 0.4 0.4 0.5 0.6 0.7 0.8 0.8 0.8 1.1 1.1 1.2
11 0.1 0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.2 0.3 0.3 0.4 0.4 0.4 0.6 0.6 0.8
14 0.0 0.0 0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.2 0.3 0.3 0.4 0.5 0.5 0.5 0.8 0.8 0.9
9 0.0 0.0 0.0 0 0.0 0.0 0.0 0.0 0.1 0.2 0.2 0.3 0.3 0.4 0.5 0.5 0.5 0.8 0.8 0.9
8 0.1 0.0 0.0 0.0 0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.2 0.3 0.4 0.4 0.4 0.6 0.6 0.7
4 0.2 0.0 0.0 0.0 0.0 0 0.0 0.0 0.0 0.1 0.1 0.1 0.2 0.2 0.3 0.3 0.3 0.5 0.5 0.6
13 0.1 0.0 0.0 0.0 0.0 0.0 0 0.0 0.1 0.1 0.1 0.2 0.2 0.3 0.4 0.4 0.4 0.6 0.6 0.7
7 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0 0.1 0.1 0.1 0.1 0.2 0.2 0.3 0.3 0.3 0.5 0.5 0.7
1 0.3 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.2 0.2 0.3
6 0.4 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.2 0.2 0.3
5 0.3 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0 0.0 0.0 0.1 0.1 0.1 0.1 0.2 0.2 0.3
2 0.4 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0 0.0 0.0 0.0 0.0 0.0 0.2 0.2 0.2
16 0.5 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0 0.0 0.0 0.0 0.0 0.1 0.1 0.2
18 0.7 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.1 0.1 0.1 0.0 0.0 0 0.0 0.0 0.0 0.1 0.1 0.1
10 0.8 0.4 0.4 0.4 0.3 0.3 0.3 0.3 0.2 0.1 0.1 0.1 0.0 0.0 0 0.0 0.0 0.1 0.1 0.1
12 0.7 0.4 0.4 0.4 0.3 0.3 0.3 0.3 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0 0.0 0.1 0.1 0.1
15 0.7 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0 0.1 0.1 0.1
19 1.2 0.8 0.8 0.8 0.6 0.6 0.6 0.6 0.4 0.3 0.3 0.3 0.2 0.2 0.1 0.1 0.1 0 0.0 0.1
20 1.3 0.8 0.8 0.8 0.6 0.6 0.6 0.6 0.4 0.3 0.3 0.3 0.2 0.2 0.1 0.1 0.1 0.0 0 0.1
17 1.4 0.9 0.9 0.9 0.7 0.7 0.7 0.7 0.5 0.4 0.4 0.3 0.3 0.2 0.2 0.2 0.2 0.0 0.0 0
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Fig. 3 Costs and benefits associated with adaptation of dam dimensioning, for the CSIROMK35 climate
change scenario, a pure time preference of 3 percent and a valley length of 10km. The cross corresponds to
the optimal volume. Costs and benefits are shown as a function of the volume of the dam. The adaptation
cost is the height-dependent cost of the reservoir. In most cases adaptation costs are negative since reservoirs
are smaller with climate change, it is also the case here. The residual impacts are also figured, corresponding
with the change in water benefits with climate change and reservoir volume adaptation, compared with the
no climate change situation. The residual impacts are also negative because of the decrease in mean runoff
compared with the no climate change situation. The net impact of climate change is the difference of water
system NPV with respect with the no climate change case. The net impact is quite flat, large, and negative.
The error cost is also presented
corresponding with the difference in net cost for different volumes, is small, compared with
the large adaptation cost of climate change.
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